Abstract -Independent grasp and wrist control in a hand grasp neuroprosthesis is compromised by moments at the wrist generated by grasp activation, gravity, and the presence of objects in the grasp. Since the interaction between hand grasp and wrist movement is somewhat predictable, a feedforward controller was designed with artificial neural networks to compensate for the grasplwrist interaction. Computer simulations with a biomechanical model of the hand and arm were performed to evaluate the feedforward controller. The simulations revealed that in the absence of unpredictable disturbances, the feedforward controller was able to generate independent control of lateral hand grasp and wrist movement. An additional input to the wrist module representing arm orientation eliminated the errors in wrist angle due to gravity effects. Grasp and wrist errors due to unpredictable disturbances (e.g. large moments at the wrist generated by an object in grasp, muscle fatigue) could be reduced by the addition of voluntary wrist extension, and closed-loop feedback.
INTRODUCTION
Functional neuromuscular stimulation can restore hand function to tetraplegics with a spinal cord injury at the C5/C6 levels [l] . In terms of wrist extension, individuals with an injury at the C6 level maintain some voluntary control due to innervation of the extensor carpi radialis longus and extensor carpi radialis brevis (ECRLECRB). For an injury at the C5 level, these muscles are dennervated and cannot be stimulated. However, wrist extension can be provided to this population by performing one or more of the following procedures: (1) voluntary tendon transfer of the brachioradialis (BRD) to ECRB [2] ; (2) electrical stimulation of the extensor carpi ulnaris (ECU); and (3) stimulated tendon transfer of the ECU to ECRB [3] .
Incorporating independent control of wrist movement in the hand grasp neuroprosthesis (via voluntary and/or stimulated wrist extension) will benefit the user in several . ways. For one, if a tenodesis grasp can be duplicated in the neuroprosthesis (grasp opening during wrist flexion, and grasp closing during voluntary wrist extension), individuals will have a more natural and stronger hand grasp [2] . In addition, users with inadequate wrist extension must don a wrist-hand orthosis to stabilize the wrist [4] . The orthosis is not cosmetically acceptable to most users, and restricts hand function. Providing independent wrist control would eliminate the need for the orthosis, and allow free wrist movement.
The wrist extension strength needed to allow independent control of hand grasp and wrist movement will vary with grasp strength, forearm orientation in the gravitational field, muscle fatigue, and load in the hand. Since the hand grasp muscles are controlled by the hand grasp neuroprosthesis, the effect their stimulation has on wrist moment balance is somewhat predictable. Thus, a feedforward controller might be able to model the interaction between hand grasp and wrist movement; and thus set the stimulation patterns of the muscles based on the knowledge of the interaction. This way, grasp openinglforce will not have a significant effect on wrist position and visa versa. Compensation for unknown disturbances (e.g. gravity, muscle fatigue, object in grasp) may be provided by an arm orientation input to the controller, voluntary effort, or the addition of feedback control.
METHODS

DesiPn of Feedforward Controller
The purpose of the feedforward controller is to select the stimulation levels of the hand and wrist muscles based on an interaction model so that grasp opening/force will have a minimum effect on wrist position. A feedforward controller is desirable since no external sensors will be required, thus improving cosmesis and reducing complexity. The design of the feedforward controller is divided into two stages: a coordination network and an interaction network (Figure 1 ). The function of the coordination network is to set the grasp and wrist posture based on subject input. The inputs from the subject are grasp mode (palmar or lateral grasp), grasp command, and wrist position. The relationships from grasp command to grasp force and opening (i.e. grasp template) were implemented analytically based on those designed for neuroprosthesis users. Wrist position was defined as being either constant as grasp command increased, or changing in parallel with hand grasp to mimic tenodesis grasp.
The function of the interaction networks is to select the stimulation levels of the hand extrinsic muscles and a wrist extensor to produce the desired combination of grasp and wrist angle, taking their interactions into account. The interaction networks were divided into three modules to control the wrist, thumb, and index finger independently. The inputs to each module are the primary grasp/wrist parameter that module is controlling, and any secondary grasp/wrist parameters that will have an effect on the primary parameter. For example, the primary input to the wrist module is wrist angle. However, the wrist module also has the stimulation The interaction networks were implemented with radial basis artificial neural networks (ANN). ANN were chosen since they can model nonlinear systems, the analytical relationship between the input and output does not need to be known, and they can generalize to inputs not part of the training set. TraininP of Interaction Network$ Training data for the interaction networks were obtained by computer simulations with a biomechanical model of the hand and ann [5] , [6] . For wrist module training data, the wrist angle was calculated for various stimulation levels of the ECRB, FDS, FPL, and EPL with the arm pronated or neutral. For the thumb module, wrist angle, grasp opening and grasp force were calculated for various stimulation levels of the FPL, adductor pollus (AdP, activated in parallel with FPL), EPL, and ECRB with the arm neutral. For the index finger module, the metacarpopalangeal (MCP) angle was calculated for different levels of FDS stimulation with the arm neutral. Radial basis artificial neural networks were trained for each module with the MATLAB@ neural network toolbox.
Evaluation of Feedforward Controller
The feedforward controller was also evaluated with the biomechanical model of the arm. Lateral grasp templates for the coordination network were designed for two cases: (1) wrist angle held constant at 15" extension as grasp opening and grasp force changed linearly from 0% to 100% grasp command, and (2) wrist extension from 0" to 40" extension as grasp opening and grasp force changed linearly from 0% to 100% grasp command. The desired grasp force, grasp opening, and wrist angle from the grasp templates served as inputs to radial basis neural networks (i.e. the interaction networks). The output stimulation levels of the interaction networks (ECRB, FPL, EPL, AdP, FDS) then served as input to the biomechanical model of the ann. The simulated MCP angle, grasp opening, grasp force, and wrist angle were calculated, along with the root mean square (rms) error between the desired and simulated values.
The simulations were performed under three conditions: (1) arm in the neutral position and no external disturbances present, (2) arm pronated so that gravity was acting in the wrist flexion direction, and (3) arm pronated along with a 13 N-cm external moment applied at the wrist. Figure 2 displays the desired grasp template and simulated output for case (1) (linear increase in grasp . between the simulated and desired values when the arm was neutral were again small: 2.2" for wrist angle, 0.04 N for grasp force, 0.06 cm for grasp opening (from 0-50%, before contact was made), and 2.2' for MCP angle. The reason for the slightly higher rms error in wrist angle for tenodesis is that EPL stimulation extended the wrist beyond the desired angle at 0% and 5% grasp command. In order to reach the desired wrist angle, a wrist flexor would also have to be stimulated. Note that the ECRB must be stimulated at higher arm neutral and pronated. Grasp Command (%) Fig. 4 . Inpudoutput properties for tenodesis grasp during arm pronation; arm orientation an input to wrist module. levels in order to overcome wrist flexion and mimic tenodesis compared to when a constant wrist angle is required.
RESULTS
Performance without Arm Orientation Input
When the arm was pronated so that gravity was acting in the wrist flexion direction rather than the ulnar .
direction, the wrist angle remained flexed beyond 0" until 100% grasp command, and grasp opening decreased. This resulted in significant errors in wrist angle and grasp opening (rms error for wrist angle = 37', rms error for grasp opening =
cm).
Performance with Arm Orientation Input Figure 4 displays the performance for case (2) (tenodesis grasp) when the arm was pronated and arm orientation was an input to the wrist module. Adding arm orientation as an input to the wrist module resulted in a wrist angle almost identical to the desired angle (rms error = 0.5'). The left muscle activation map was generated by the modules with the arm pronated, and the right muscle activation map was generated by the modules with the arm neutral. Note that the wrist module increased the ECRB stimulation in order to compensate for arm orientation (difference in the two muscle activation maps), and that the muscle activation maps generated when the arm was neutral were nearly identical regardless of whether arm orientation was an input to the wrist module. The increased ECRB stimulation slightly decreased grasp opening due to greater radial deviation of the wrist, but did not affect grasp force significantly. Figure 5 displays the effects of an external moment of 13 N-cm applied at the wrist. In these simulations, a tenodesis grasp was desired (case 2), and the arm was pronated. Arm orientation as an input to the wrist module compensated for wrist flexion due to gravity. The external moment applied at the wrist, though, caused additional wrist flexion. However, the error in wrist angle (rms error = 21") was not as large as that generated by gravity when arm orientation was not an input to the wrist module. Again, the error between the desired and simulated grasp force was small (rms error = 0.1N).
DISCUSSION
The feedforward controller was successful in both maintaining a constant wrist angle during changes in grasp, and in mimicking tenodesis grasp in the absence of external disturbances. Furthermore, adding an input to the wrist module that represents arm orientation removed errors in wrist angle due to gravity effects. Similarly, errors in grasp opening could be removed by adding arm orientation as an input to the thumb module. Thus, the only disturbances not compensated by the feedforward controller that can have a significant effect on grasp and wrist angle are external moments generated by grasping an object, and muscle fatigue.
The changes in wrist angle and grasp force due to these disturbances, though, might be small enough to allow for the successful completion of a task. For example, wrist extension beyond 0" was still possible when an external moment of 13 N-cm was applied at the wrist (approximate . moment a compact disk case applies at the wrist). Thus the simulated tenodesis grasp might allow for the successful grasping of the case, even with the error in wrist angle. This would also apply to other objects that generate a relatively small moment at the wrist (e.g. estimated pen moment at the wrist = 0.7 N-cm, spoon moment at wrist = 1.4 N-cm, computer disk moment at wrist = 2.6 N-cm). Muscle fatigue will also change the posture with a feedforward control system, depending on the patterns and severity. However, some degree of fatigue will be tolerable, in that tasks could still be completed successfully.
Sensitivity to fatigue and external disturbances could be reduced by additions to the feedforward control scheme. For example, voluntary wrist extension (either by weak residual control in C6 injury or by voluntary tendon transfer in C5 injury) should be able to decrease errors in wrist angle. Also, closed-loop wrist and hand grasp feedback should decrease errors between the actual and desired grasp and wrist parameters; however, sensors for grasp and wrist outputs will increase the complexity of the system.
CONCLUSION
The feedforward controller was successful in learning the predictable interaction between hand grasp and wrist control, as well as compensate for the effect of gravity on wrist angle. Unpredictable disturbances introduced by grasping tasks, (e.g. muscle fatigue and external moments at the wrist) might generate significant errors between the desired and actual grasp and wrist parameters. Depending on the changes in the grasp and wrist parameters, though, the grasping task might still be successfully completed. Voluntary effort, and the addition of feedback control are some ways to compensate for the unpredictable disturbances. With these possible additions to the feedforward controller, integrated wrist and hand control should be possible in the neuroprosthesis, resulting in a more functional grasp for tetraplegics, and freedom from orthoses.
